The structural stability, electronic and catalytic properties of Au n (n ¼ 1-4) nanoclusters supported on monolayer MoS 2 have been investigated based on first principle DFT calculation with van der Waals (vdW) corrections. Our results show that all Au n (n ¼ 1-4) nanoclusters prefer to bind vertically on the top S sites of the monolayer MoS 2 . And the relative stability of Au n (n ¼ 1-4) clusters in gas phase is not preserved after landing on monolayer MoS 2 . By including van der Waals (vdW) corrections with different approaches, we found that the van der Waals correction increased the adsorption energies for all supported Au n (n ¼ 1-4) clusters with the order of E ads (PBE-D2) > E ads (PBE-D3) > E ads (optB86b-vdW) > E ads (PBE). And the van der Waals effects can also change the order of stability and the energy differences of various deposition configurations. In addition, the binding of O 2 is also modeled, showing significantly enhanced adsorption properties and catalytic activation toward O 2 adsorption, especially for that on supported Au 1 and Au 3 clusters with magnetic properties, with respect to that on supported Au 2 and Au 4 clusters with nonmagnetic properties. The current study provides further insight into the adsorption and catalytic properties of small gold clusters supported on monolayer MoS 2 , which play a crucial role in the activation of O 2 .
Introduction
Supported gold nanoclusters have attracted considerable interest due to their unexpected catalytic properties in contrast with the inactivity of larger-sized particles or bulk gold. 1, 2 In the past few years, they have been widely applied in heterogeneous catalysis eld to catalyze many reactions, such as low temperature CO oxidation, [3] [4] [5] water-gas shi (WGS) reaction 6, 7 and the oxidation of alkenes. 8 It is revealed that the chemical properties and catalytic activity of supported gold nanoclusters are dramatically depended by the size and shape of gold nanoclusters, 9-12 the structural uxionality, [13] [14] [15] and the forms of the supported materials. 10, [16] [17] [18] 
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In particular, it is demonstrated that the different charged gold cluster is one of the origins for the high catalytic activity of supported gold nanoclusters. Well characterized examples are those of negative charged gold nanoclusters forming when gold clusters deposited on TiO 2 , defect MgO and CeO 2 , result in activation of O 2 molecules for further catalytic reaction or dissociation. 18, 20, 21 On the other hand, aer adsorption on Fe 2 O 3 and SiO 2 surface the gold nanoclusters become positive charged, which promote adsorption of other reactants, such as CO and hydrocarbons. 20, 22, 23 It is indicated that the catalytic activity of gold clusters are strongly inuenced by the types of support materials. Therefore, the choice of suitable support is crucial for a rational design of chemical properties and activities of supported gold clusters.
In the past few years, a continuously increasing interest have been devoted to two-dimensional nanomaterials, such as graphene, silicene, hexagonal boron nitride (h-BN), TiO 2 nanosheet, serving as excellent candidates of the support of metal nanoparticles for enhancing adsorption performances and catalytic properties of metal catalysts, because of their extraordinary physical, chemical and optical properties. [24] [25] [26] [27] [28] [29] [30] [31] For example, graphene has been shown to be an excellent substrate material for dispersion of the transition metal (TM) nanoparticles, due to its large surface areas, outstanding electronic and thermal conductivity, as well as the high mechanical strength and low production cost. 32, 33 Theoretically calculation showed that supported gold clusters on h-BN surface can considerably enhance their adsorption and catalytic activity of adsorbed O 2 molecule. 28 On the other hand, the great advance in two-dimensional-based nanomaterials research has encouraged scientists to explore other two-dimension-based materials. Among them, one emerging class of transition metal dichalcogenides (TMDs), monolayer molybdenum disulde (MoS 2 ) has been a recent hot topic. Indeed, monolayer MoS 2 is a semiconductor with a direct band gap of 1.9 eV, 34 which are associated with large surface areas and abundant active sites. 35, 36 The experimental results from Xia et al. suggested that Au nanorods deposited on MoS 2 nanosheets activates the electrocatalytic activity for hydrogen evolution reaction (HER).
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However, very little attention has been paid to theoretical investigation concerning the role of the MoS 2 support on the chemical and catalytic properties of gold nanoparticles. The structural, electronic properties, and catalytic activation of supported gold clusters on monolayer MoS 2 are also not obtained, which is very essential for investigating the clustersupport interaction effects, interface structure, as well as the charge transfer between supported gold cluster and substrate. In addition, van der Waals (vdW) forces are ubiquitous in the binding of atoms and molecules. In the past few years accurately accounting for van der Waals (vdW) forces and understanding the role they play in extended systems have become a thriving topic of research, which play a crucial role in improvement of theoretical description for those systems. 34, 38, 39 In this work, by performing rst principles DFT, we investigate the structures and electronic properties of Au n (n ¼ 1-4) clusters supported on monolayer MoS 2 including the van der Waals (vdW) forces correction. Furthermore, to further understand the modication/activation of gold nanoclusters on monolayer MoS 2 , the adsorption behaviors of O 2 on Au n (n ¼ 1-4)/MoS 2 are also determined. The paper is organized as follows. We rst study the gas-phase Au n (n ¼ 1-4) clusters. Then, we investigate the structures and electronic properties of Au n (n ¼ 1-4) clusters supported on monolayer MoS 2 with DFT results. Furthermore, the effects of the van der Waals corrections using several vdW inclusive DFT schemes (PBE-D2, PBE-D3 and optB86b-vdW) are discussed. Finally, we discussed the adsorption and activation behaviors of O 2 molecule on Au n (n ¼ 1-4)/MoS 2 systems, which can help for further insight into adsorption and catalysis properties of small gold clusters supported on monolayer MoS 2 .
Computational details
Spin-polarized density functional theory (DFT) calculations were performed using the Vienna Ab initio Simulation Package (VASP) [40] [41] [42] and the projected augmented wave (PAW) methods. 43, 44 The generalized gradient approximation of Perdew, Burke and Ernzerhof (PBE) functional 45 was employed to treat the exchange-correlation energy of interaction electrons. The kinetic energy cutoff for the plane-wave expansion was set to 400 eV. A (3 Â 3 Â 1) Monkhorst-Pack (MP) mesh was used for the k-point sampling of the Brillouin zone. To calculate the projected density of states (PDOS), the set of k-points was adjusted to (5 Â 5 Â 1). The lattice parameter of monolayer MoS 2 was optimized to be 3.18Å, which is in good agreement with the experimental ( The role of the van der Waals correction was investigated using three vdW correction methods as follows: DFT-D2 56 and DFT-D3 57 with pairwise force eld method proposed by Grimme and co-workers. The optB86b-vdW method proposed by Lundqvist and co-workers, in which the vdW contribution is expressed directly as a function of the electron density. 58 In addition to van der Waal correction which is crucial to well describe the interaction between the cluster and substrate at the interface, the electronic structures for the adsorbed Au n clusters may be affected by the onsite correction to the strong correlated d electrons. Actually, test calculations using GGA + U method combined with projected augmented wave (PAW) were also performed, and our results indicated that GGA and GGA + U methods yielded similar results of congurations and electronic structure including total of Bader charge, the atomic Bader charge of adsorbed Au n cluster, total magnetization, the total DOSs and particle DOSs projected on the S 3p, Mo 4d, Au 6s and 5d orbitals in the present work.
Results and discussion
3.1 Structures of Au n (n ¼ 1-4) clusters in the gas phase Before considering the cases of supported gold clusters, we rst discuss the structures of Au n (n ¼ 1-4) clusters in gas phase. Many experimental [59] [60] [61] [62] [63] [64] and theoretical works 51, 52, [65] [66] [67] have been devoted to the structures and stability of gold clusters. Schaaff et al. 60 have isolated ve massive gold-cluster molecules in high yield and the electronic structure of these molecules has been deduced by optical absorption spectroscopy. Zanti et al. 51 have obtained the structures of small gold clusters Au n (n # 16) using density functional theory at B3LYP level. Lee et al. 52 further explore the relative stabilities and electronic properties of small neutral and anionic gold clusters (Au n and Au n À , n ¼ 4-7) using high-level CCSD(T) calculations with large basis sets. In here, the geometry and the stability of Au n (n ¼ 1-4) clusters (placed in a 20 Â 20 Â 20Å cubic box) are reexamined at the PBE level with a plane-wave basis set. The calculated structures of ground state and low-lying isomers with corresponding structural parameters and relative energies are shown in Fig. 1 . For Au 2 cluster (Fig. 1b) , the calculated Au-Au bond length is 2.53Å, which is in agreement with the reported experimental value (2.47Å).
68 For Au 3 cluster, there are two low-lying isomers. Fig. 1c shows that the ground state of Au 3 cluster is V-shaped structure (C 2v symmetry) with two Au-Au bonds (2.56Å) and the bond angle of 137. 7 . Other Au 3 isomer (Fig. 1d ) is triangular geometry with D 3h symmetry, which is 0.11 eV higher in energy than that of the V-shaped Au 3 cluster. Each Au-Au bond length of the equilateral triangle Au 3 cluster is 2.67Å. The order of the stability for the Au 3 cluster is consistent with that obtained by Zanti et al. using B3LYP method with an atomic orbital basis set. 51 In the case of Au 4 cluster, there are four lowlying isomers: rhombic Au 4 , Y-shaped Au 4 , zigzag Au 4 and tetrahedral Au 4 . The ground state of Au 4 cluster ( Fig. 1e) is rhombic with C s symmetry. The bond lengths of Au-Au bonds at four side of rhombic Au 4 cluster are all 2.69Å and the length of diagonal Au-Au bond is 2.63Å. The second low-lying isomer ( Fig. 1f ) is Y-shaped structure (C 2v symmetry), which is just 0.04 eV higher in energy than that of the rhombic Au 4 cluster. The calculated order of the stability for rhombic Au 4 and Y-shaped Au 4 is in agreement with the result at CCSD(T) level reported by Lee et al. 52 While the third low-lying Au 4 isomer ( Fig. 1g ) is Zigzag structure with C s symmetry, whose energy is 0.41 eV higher than that of the ground state of Au 4 cluster. It can be seen that rhombic Au 4 cluster, Y-shaped Au 4 cluster and Zigzag Au 4 cluster are separated just by small energy differences. Thus, it can be expected that the interconversion of one isomer into another may occur among the three low-lying isomers of Au 4 cluster. The fourth Au 4 isomer with highly symmetric T d tetrahedral structure (Fig. 1h) has also been considered. It is the rst occurring of 3D geometry of gold clusters. However, it is unstable in consequence of Jahn-Teller distortions, signicantly 1.27 eV in energy higher with respect to the ground state of Au 4 cluster. Fig. 2a) , we found that Au atom preferentially interacts with monolayer MoS 2 at the S-top site with the bond length of 2.37Å, and the corresponding adsorption energy is 0.63 eV. For Au 2 cluster supported on monolayer MoS 2 ( Fig. 2b) , it can be seen that Au 2 cluster also prefers to bind vertically on the S-top sites of the monolayer MoS 2 via one Au atom. The bond distance of S-Au bond is 2.30Å, which is shorter than that in Au 1 /MoS 2 system (2.37Å), suggesting the stronger interaction between the Au 2 cluster and monolayer MoS 2 . Not surprisingly, corresponding adsorption energy of the supported Au 2 cluster on monolayer MoS 2 (1.02 eV) is 0.39 eV higher in energy than that of supported Au atom. While for Au 3 cluster supported on monolayer MoS 2 , we notice that Au 3 cluster assumes two different structures ( Fig. 2c and d ). In the rst conguration M1 (Fig. 2c) , aer adsorption on monolayer MoS 2 , the Au 3 cluster completely loses the initial V-shaped structure in gas phase and forms a triangular structure taking a vertical orientation. The triangular Au 3 cluster is bound to the surface with two Au atoms coordinated to two S atoms, respectively, with average bond lengths of 2.36Å. And the corresponding adsorption energy is 1.37 eV. In contrast, in model M2 (Fig. 2d) , the supported Au 3 cluster maintains the V-shaped structure in gas phase. In this structure, two terminal Au atoms in V-shaped Au 3 cluster bind to two surface S atoms with vertical deposition mode. The average bond length of the two Au-S bonds (2.38Å) is 0.02Å longer than that of model M1, indicating weaker Au-S bonds compared with that of model M1. The adsorption energy is 1.31 eV. At the PBE level, the energy difference between the model M1 and M2 is no more than 0.06 eV. While for the case of Au 4 /MoS 2 systems, the deposition structures are more complicated, the ground state and low-lying structures within 0.50 eV are presented in Fig. 2e -g. In model M1 (Fig. 2e) , the Au 4 cluster loses initial rhombic structure in gas phase and forms a Y-shaped geometry. The Y-shaped Au 4 cluster is vertically supported on monolayer MoS 2 by forming two Au-S bonds with the bond lengths of This journal is © The Royal Society of Chemistry 2017 2.42Å and 2.30Å, respectively. In the model M2 (Fig. 2f) , aer the Au 4 cluster deposition on monolayer MoS 2 , the rhombic structure of Au 4 cluster in gas phase is maintained. Two neighbouring Au atoms are bonded to two surface S atoms with bond lengths of 2.31Å and 2.40Å, respectively. While for model M3, unlike the M1 and the M2, aer deposited on the monolayer MoS 2 , the Au 4 cluster is distorted and elongated, resulting in linear conguration. The linear Au 4 cluster is also vertically adsorbed on monolayer MoS 2 by two terminal Au atoms bound with two surface S atoms with the bond lengths of 2.53Å and 2.35Å, respectively. Moreover, a three-dimensional supported structure with a tetrahedral shape is also investigated. We found that it is unstable on monolayer MoS 2 . This is true at all levels of theory considered (with and without vdW forces). This phenomenon has been reported for Au 4 cluster on TiO 2 and ZrO 2 (101) surface. 38 Now let us discuss the relative stabilities of above three deposition congurations for Au 4 /MoS 2 systems. The adsorption energies of the three structures are listed in Table 1 . The model M1 is preferred (E ads ¼ 1.48 eV) compared to M2 and M3. The model M2 with the adsorption energy of 1.39 eV is only 0.09 eV higher in energy than that of model M1. While for model M3 (E ads ¼ 0.99 eV), it is the most unstable structure, which is 0.49 eV and 0.40 eV higher in energy than that in model M1 and M2, respectively. It is clear that the M1 which is originated from the unstable Au 4 isomer in gas phase (Fig. 1f) shows the best thermodynamical stability, while the M2 model which is derived with the most stable cluster in gas phase (Fig. 1e) now is higher in energy (0.09 eV) than M1. Therefore, the relative stability of Au 4 isomer in gas phase is exchanged aer depositing on the monolayer MoS 2 , indicating a possible way to stabilize the unstable clusters in the gas phase by choosing a suitable support from a thermodynamical point of view.
Structures of Au
3.2.2 Adsorption results with vdW interaction. Next, we will discuss the effects of van der Waals forces for the adsorption of Au n (n ¼ 1-4) clusters on monolayer MoS 2 using several vdW inclusive DFT schemes (PBE-D2, PBE-D3 and optB86b-vdW). It can be seen that the structures change only slightly aer inclusion of vdW forces, with the largest difference being of 0.08 A. As displayed in Table 1 and Fig. 3 , we found that the van der Waals correction increased the adsorption energies for all Au n (n ¼ 1-4)/MoS 2 systems with the relative order of adsorption energies of E ads (PBE-D2) > E ads (PBE-D3) > E ads (optB86b-vdW) > E ads (PBE). It can be seen clearly that there is a trend that the PBE-D2 method provides the largest correction to the strength of dispersion interactions, whereas optB86b-vdW gives the smallest. For Au atom deposition on the monolayer MoS 2 , the adsorption energy goes from 0.63 eV (PBE) to 1.23 eV (PBE-D2), 1.07 eV (PBE-D3), and 0.97 eV (optB86b-vdW), with the relative order of E ads (PBE-D2) > E ads (PBE-D3) > E ads (optB86b-vdW) > E ads (PBE). Like the Au atom, the same trend can also be found for Au 2 /MoS 2 system, the PBE-D2 method gives the largest vdW correction with the adsorption energy of 1.76 eV and optB86b-vdW gives the smallest (1.41 eV), while PBE-D3 method gives the value of adsorption energy (1.56 eV) located just between PBE-D2 method and optB86b-vdW method. Considering supported Au 3 cluster, the inclusion of the vdW forces has a stronger effect on the Au 3 /MoS 2 systems with the shorter bond distance of Au-S bond. Therefore, the adsorption energy is much increased, for model M1 from 1.37 eV (PBE) to 2.69 eV (PBE-D2), 2.36 eV (PBE-D3), and 2.14 eV (optB86b-vdW), and for model M2 from 1.31 eV (PBE) to 2.80 eV (PBE-D2), 2.39 eV (PBE-D3) and 2.13 eV (vdW-DF), with an increase in the adsorption energies of around 56% -114%. In addition, interestingly, compared with PBE results, the order of stability of model M1 and M2 at the PBE-D2 and PBE-D3 levels is changed. At PBE level the preferred structure is the triangular shape, the model M1, whereas at PBE-D2 and PBE-D3 levels the preferred structure becomes the V-shaped, model M2. However, there is no change in the order of stability of the two low-lying structures for Au 3 /MoS 2 systems at vdW-DF level. This effect is not observed for Au atom and Au 2 deposition on the monolayer MoS 2 . While for Au 4 /MoS 2 systems, when the long-range terms are included, the adsorption energies are increased with the relative order of E ads (PBE-D2) > E ads (PBE-D3) > E ads (optB86b-vdW) > E ads (PBE), in line with the results obtained from other Au n (n ¼ 1-3) clusters on monolayer MoS 2 . Differently from Au 3 /MoS 2 systems, the order of stability of Au 4 /MoS 2 systems is maintained with the order of M1 > M2 > M3. But the energy difference among the three structures has changed. Once vdW contributions are considered, the energy difference between M1 and M2 becomes larger (0.18 eV, 0.16 eV and 0.12 eV at PBE-D2, PBE-D3 and optB86b-vdW level, respectively, versus 0.09 eV at PBE level). Whereas energy difference between M1 and M3 becomes smaller (0.27 eV, 0.34 eV and 0.39 eV at PBE-D2, PBE-D3 and vdW-DF level, respectively, versus 0.49 eV at PBE level).
To summarize, for Au n (n ¼ 1-4) clusters on monolayer MoS 2 , we observed that the geometric structures change only slightly aer inclusion of vdW forces, the largest difference being of 0.08Å. While the van der Waals effects make the major corrections to the adsorption energies, with the relative order of E ads (PBE-D2) > E ads (PBE-D3) > E ads (optB86b-vdW) > E ads (PBE). The PBE-D2 method provides the largest correction to the strength of dispersion interactions, whereas optB86b-vdW gives the smallest. Aer inclusion of the van der Waals correction, it can also change the order of relative stability and the energy differences of various deposition congurations. 1-4) clusters , E Au n /MoS 2 and n represent the total energies of the monolayer MoS 2 , the ground states of Au n (n ¼ 1-4) clusters in the gas phase, the entire systems aer depositing Au n (n ¼ 1-4) clusters on monolayer MoS 2 and the number of metal atoms in the cluster, respectively. Fig. 3 The adsorption energies of supported Au n (n ¼ 1-4) clusters obtained at PBE, DFT-D2, DFT-D3 and optB86b-vdW (pink, red, dark blue and green polylines, respectively).
Electronic structures of Au n (n ¼ 1-4) clusters supported on monolayer MoS 2
To better investigate the effects introduced by the deposition of Au n (n ¼ 1-4) clusters on the monolayer MoS 2 , in this section, we will focus on the electronic structures of Au n (n ¼ 1-4)/MoS 2 systems. The density of state (DOS) curves displayed in Fig. 4 are the individual spin-up and spin-down densities of states obtained from the spin-polarized calculations at the PBE level, which are almost the same with and without vdW contributions. Fig. 4a and b displayed the total DOSs and Partial DOSs projected on the S 3p and Mo 4d orbital for the clean monolayer MoS 2 , it can be seen that monolayer MoS 2 is a semiconductor in which the valence band (VB) and conduction band (CB) are dominated by S 3p and Mo 4d states, respectively. Fig. 4c presents the total density of state (TDOS) of most stable conguration for Au 1 /MoS 2 system. A distinct feature is that a spin-up peak appears near the Fermi level and a spin-down peak occurs at higher energy (about 0.37 eV) in the band gap, which is signicantly different from the case on the perfect monolayer MoS 2 . Clearly, the system of supported Au atom with odd number atom is spin polarized with the total magnetic moment of 1.0 m B . According to the partial density of states (PDOSs) of S 3p, Mo 4d, Au 6s and 5d orbital (Fig. 4d) , it is clear that the above asymmetrical peaks are mainly derived from Au 6s state. Fig. 4d also shows that the 5d state of Au atom is overlapped with S 3p state at a wide energy range (from À4.5 eV to À1 eV), indicating a strong hybridization between Au and surface S atom. Similar phenomenon is also observed for another gold cluster with odd number of atoms, Au 3 /MoS 2 system (see Fig. 4g and h) . Whereas, things are radically different in the supported gold cluster with even number of atoms. For the supported Au 2 cluster with even number of Au atoms, the DOS curves as shown in Fig. 4e can be seen that, differently from the supported Au and Au 3 atom, the most stable conguration of Au 2 /MoS 2 system is non-spin polarized due to the closed-shell nature of the Au 2 cluster. An obvious characteristic is that a new symmetrical sharp feature is present near the Fermi level. Further partial density of states (PDOSs) of S 3p, Mo 4d, Au 6s and 5d orbital (Fig. 4f) show that the new peak is dominated by Au 6s and 5d states. And the electronic states of Au 2 cluster mixed with the top of the S 3p valence band. Similar phenomenon is also observed for another gold cluster with even number of atoms, Au 4 cluster supported on the monolayer MoS 2 (see Fig. 4i and j) .
Density of states (DOS).
3.3.2 Bader charges. We further performed Bader charge analysis [69] [70] [71] to investigate the bonding nature and charge transfer at interfaces for all the adsorption systems. The results of Bader charge with and without vdW contributions are shown in Fig. 5 and summarized in Table 2 . First, we discuss the Bader charges obtained by PBE method. At the PBE level, it is shown that, for the Au n (n ¼ 1, 2, 4)/MoS 2 system, the direction of charge transfer at the interfaces is from the substrate to the supported gold clusters. It is suggested that Au nanoclusters impose remarkable p-doping effects to the monolayer MoS 2 , which is in good agreement with that reported in previous experiments. 72 The magnitudes of charge transfer are all small (<0.2e), which are 0.09e, 0.11e and 0.10/0.10/0.10e for supported Au 1 , Au 2 and Au 4 clusters, respectively. While for Au 3 clusters supported on monolayer MoS 2 the magnitudes of charge transfer are virtually zero. Furthermore, the charge distributions within the Au n (n ¼ 2-4) clusters are also investigated (Fig. 5) . It can be seen that, although Au n (n ¼ 1-4) clusters obtained electrons or virtually zero aer deposition on the monolayer MoS 2 , the magnitudes of charge transfer are mainly obtained by the top Au atom which is far away from the monolayer MoS 2 . Whereas most of Au atoms bonded with the surface (at the interface) become positive, which is consistent with the experimental result that hot electron is transferred from Au rods to MoS 2 nanosheets. 37 As shown in Fig. 5b , for Au 2 / MoS 2 system, the magnitude of charge on Au(1) atom which is bound to monolayer MoS 2 is small and positive: q ¼ +0.08e, whereas the top Au atom (Au(2) atom) is negatively charged with q ¼ À0.19e. For Au 3 /MoS 2 ( Fig. 5c and d) , although the charge transfers between the Au 3 clusters and monolayer MoS 2 are virtually zero, the top Au atom (Au(2) atom) holds negative charge with q ¼ À0.13/À0.14e, whereas the Au atoms (Au(1) atom and Au(3) atom) binding to the monolayer MoS 2 are positive, with q ¼ +0.07e/0.06e. In terms of the Au 4 clusters, the analysis of charge distributions within the Au 4 cluster shows that, still, there is an accumulation of charge on the top Au atoms (À0.24e, À0.16e, À0.22e at M1, M2 and M3, respectively). 
where E Au n /MoS 2 , E O 2 , E O 2 /Au n /MoS 2 and n represent the total energies of the most stable Au n (n ¼ 1-4)/MoS 2 system, the ground state of O 2 , the entire system aer depositing O 2 on Au n (n ¼ 1-4)/MoS 2 , and the number of metal atoms in the cluster, respectively.
The results of Bader charge with the inclusion of van der Waals are also shown in Table 2 . Clearly, the inclusion of van der Waals forces has no signicantly effects on the Bader charges, with the Bader charge difference always smaller than 0.07e.
Adsorption and activation of O 2 on Au
To study the effect of the monolayer MoS 2 support on the catalytic properties of the small gold clusters, we performed investigation of adsorption and activation of O 2 on the most stable adsorption congurations of Au n (n ¼ 1-4)/MoS 2 systems. Fig. 6 2 and Au 4 , respectively), indicating stronger adsorption properties and activation for oxygen molecule on Au n (n ¼ 1, 3)/MoS 2 system with odd number of gold atoms. It is provide a key insight in elucidating the catalytic activity of supported gold clusters with an odd-even alternation as a function of the number of gold atoms. This phenomenon has been reported for O 2 molecule adsorption on the free gold clusters.
73-75
To gain more insight into the origin of the activity of Au n (n ¼ 1-4)/MoS 2 , we observed the electronic structures of O 2 adsorption on Au n (n ¼ 1-4)/MoS 2 systems. It is well-known that the singly occupied molecular orbital (SOMO) and the unoccupied one of the O 2 triplet ground state are both antibonding 2p* orbital. The spin-up 2p* orbital of free O 2 is occupied and located below the Fermi level, while the spin-down 2p* orbital of that is unoccupied and located above the Fermi level. We present the partial density of states (PDOS) projected on O 2 molecule and supported Au n (n ¼ 1-4) clusters in Fig. 7 . Clearly, when O 2 interacts with supported Au n (n ¼ 1-4) clusters, the 5d and 6s state of Au atom is mixed with 1p and 2p* orbitals of the adsorbed O 2 , indicating bonding of Au and O 2 . Now the spindown 2p* orbital of adsorbed O 2 appears partial population, indicated charge transfer occurring from the supported Au atom to the antibonding 2p* orbital of the adsorbed O 2 , result in stretching of the O-O bond and the catalytic activation of O 2 molecule (Fig. 6) . Furthermore, the charge distribution of adsorbed O 2 , its neighbor Au atoms and Au n (n ¼ 1-4) clusters were calculated using Bader charge analysis, as listed in (Fig. 8) . The isosurface of an excess of the electron density is mainly localized on O 2 , while the plot of the electron density loss is on the Au atom directly interacting with O 2 molecule. This is consistent with above analysis of charge transfer from the supported neighboring gold clusters to O 2 molecule. Therefore, it is very clear that adsorption and activation of O 2 molecule are strongly inuenced by the top Au atom which holds more negative charge. In addition, the values of charge obtained by O 2 molecule from supported Au 1 (À0.39e) and Au 3 clusters (À0.38e) are larger than that from supported Au 2 cluster (À0.14e) and Au 4 cluster (À0.18e), which are responsible for better catalytic activation of the adsorbed oxygen molecule. Note that from electron charge density difference (Fig. 8) there is more electron density localized on the O 2 /Au n (n ¼ 1, 3)/MoS 2 systems with odd number of Au atoms than that on the O 2 /Au n (n ¼ 2, 4)/MoS 2 systems with even number of Au atoms. This phenomenon corresponds to the above analysis of charge transfer from the supported gold clusters to O 2 molecule.
Conclusions
In the present work, we studied the structures, electronic properties and catalytic properties of Au n (n ¼ 1-4) clusters supported on monolayer MoS 2 using DFT calculations with and without the inclusion of van der Waals (vdW) forces, including PBE, PBE-D2, PBE-D3 and optB86b-vdW methods. We found that all Au n (n ¼ 1-4) clusters are preferentially vertically adsorbed on monolayer MoS 2 by Au-S bonds. The relative stability of Au n (n ¼ 1-4) clusters in gas phase is not preserved aer landing on the monolayer MoS 2 , indicating a possible way to stabilize the unstable clusters in the gas phase by choosing a suitable support from a thermodynamical point of view. The van der Waals correction increased the adsorption energies for all supported Au n (n ¼ 1-4) clusters with the relative order of adsorption energies of E ads (PBE-D2) > E ads (PBE-D3) > E ads (optB86b-vdW) > E ads (PBE). The van der Waals effects make the major corrections to the adsorption energies, and can also change the order of stability and the energy differences of various deposition congurations. The Bader charge analysis shows that, although the directions of charge transfer is from supported monolayer MoS 2 to supported Au n (n ¼ 1-4) clusters for all adsorption congurations, the top Au atoms far from the monolayer MoS 2 hold main negative charge whereas most of Au atoms at the interface become positive charged. It is demonstrated that the excess of the negative charges obtained by the top Au atom can considerably promote the adsorption and catalytic activation of O 2 on the supported Au n (n ¼ 1-4) clusters, due to the charge transfer occurring from the top Au atom to the O 2 2p* antibonding orbital, result in the elongation of the O-O bond and activation of O 2 . Furthermore, our results represent better adsorption properties and catalytic activities of adsorbed O 2 on supported Au 1 and Au 3 clusters with magnetic properties, with respect to that on supported Au 2 and Au 4 clusters with nonmagnetic properties. The current study provides further insight into the adsorption and catalysis properties of small Au n (n ¼ 1-4) clusters supported on monolayer MoS 2 , in which play a crucial role in the activation of O 2 . More works are necessary to study the structure and the electronic properties to clearly see whether the number-dependent adsorption properties still holds when larger Au n nanocluster (n > 4) supported on monolayer MoS 2
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